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ABSTRACT 
A detailed study of poly(alkylthiophene) self-assembly and organization on single-walled carbon nanotubes (SWNTs) is 
presented. Experimental evidence for self-assembly and organization of regioregular poly(3-hexyl thiophene) (rrP3HT) 
on single-walled carbon nanotubes was obtained using scanning tunneling microscopy (STM) and transmission electron 
microscopy (TEM). TEM images of drop-cast rrP3HT/SWNT composites displayed strong evidence that SWNTs were 
isolated from each other in a polymer matrix and coated with between 1-3 layers rrP3HT. STM measurements of 
adsorbed monolayers of rrP3HT on SWNT surfaces were compared to rrP3HT monolayer deposition on highly ordered 
pyrolytic graphite (HOPG) surfaces. The results show that average inter-lamellar distances of adsorbed polymer are 
greater for rrP3HT monolayers adsorbed onto the curved surfaces of SWNTs than on the flat surfaces of HOPG samples. 
Analysis of STM images yielded the chiral angles at which the thiophene polymer chains wrap around individual carbon 
nanotubes (41-48º with respect to nanotube axis) while the interchain spacings of adsorbed macromolecules was 1.68 ± 
0.02 nm. Comparisons between the native polymer deposited on graphite and the composite structure confirmed that the 
presence of carbon nanotubes in rrP3HT produces a material with a high degree of order at the molecular level. This high 
level of order and close coupling of the two components of the composite are prerequisites for its use as the active layer 
of an organic photovoltaic. 
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1. INTRODUCTION 
 
Conjugated polymer materials are of interest to scientists and engineers for a number of reasons, not least because they 
can be prepared with similar electrical and optical properties to semiconductors or even metals, while still retaining the 
attractive mechanical properties and processing advantages of polymers1. In the case of pure conjugated polymers, 
experimental studies have established direct correlations between electrical conductivity and mechanical properties of 
Young’s modulus and tensile strength. That electrical properties and mechanical properties of conducting polymers 
improve together, in a correlated manner, as chain extension, chain alignment and inter-chain order are improved, reveals 
the important influence that intermolecular interactions, self-assembly and nanoscale structure have on such physical 
properties1. It is therefore not surprising that the properties of composites of conjugated polymers which have been 
formed by inclusion of either a second macromolecule or nanoscale inorganic within the material should be of interest to 
device scientists and engineers. New nanoscale polymer structures can form about the inserted materials leading to new 
and interesting physical properties. Polymer composite materials are used in a great variety of applications since they 
often possess superior mechanical properties such as increased tensile strength, elastic modulus and therefore flexibility, 
the area of fiber-reinforced composites is a long established field2. 
 
Recently interest in polymer composites has turned to their potential use in electronic applications, in so-called organic 
electronics. Not long after their discovery by MacDiarmid, Shirikawa and Heeger, conjugated or conductive polymer 
materials were quickly identified as promising candidates for use as the active component of a variety of electronic 
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devices, such as low-cost alternatives to conventional light-emitting diodes (LEDs), photovoltaic cells and even 
disposable electronic chips3,4. In the case of organic photovoltaics (OPVs), incorporation of a second material or dopant 
into the conjugated polymer to create a composite has led to great improvements in device performance compared to 
polymer-only devices5, 6. The organic semiconductor composite OPV active layer must be cast in the form of a 
bicontinuous network for it to operate as an efficient charge transport material, otherwise isolated domains will form 
which trap charge, leading to higher series resistances and thus low photocurrents6. Efficient charge transport therefore 
requires close packing of the second phase within the polymer. Since SWNTs have previously proven to be an effective 
electron transport component in OPVs7, a structural study of a SWNT/conjugated polymer system is of interest since 
optical and electrical properties of conjugated polymer composites strongly depend upon polymer nanoscale structural 
organization. 
 
1.1 Bulk heterojunction diodes 
 
The device architecture of early OPVs closely mimicked inorganic heterojunction devices, they consisted of a bilayer of 
p-type and n-type organic semiconducting polymers sandwiched between two metal contacts. Charge separation of 
excitons photogenerated near the p-n junction interface ultimately led to a photocurrent. Unfortunately the sunlight-to-
electrical conversion efficiency of bilayer OPVs were disappointingly low. The reasons for this were twofold. Unlike 
inorganic semiconductor devices which are doped with heteroatoms to produce majority and minority carriers, organic 
semiconductors are either intrinsically p-, or n-type. Because they are not doped, no internal field develops at the 
heterojunction, the requirement of an internal electric field thus requires metals (often oxygen-sensitive metals) 
possessing different workfunction to be deposited either side of the bilayer device6. The second and more important 
difference is that the molecular nature of the organic semiconductor leads to a HOMO/LUMO picture of electronic 
energy levels rather than extended valence and conduction bands. Excitons are strongly coupled to the molecular 
geometry of the polymer and possess a strong Coulomb interaction or exciton binding energy. Organic excitons are thus 
Frenkel excitons, the size of which rarely extend further than approximately three polymer repeat units (~10 nm 
typically), the diffusion radius of these excitons is quite short (~5 nm)8. A direct consequence of the short exciton 
diffusion radius is that only excitons generated within a few nanometers of the polymer bilayer interface have a high 
probability of being separated into carriers in these OPVs. The external quantum efficiencies (EQEs) of these devices are 
thus severely limited9. 
 
The ability to process conjugated polymers from solution provides a way to overcome the problem of short exciton 
diffusion length. An electron donor can be combined with an electron acceptor to create a composite material which can 
operate as the OPV active layer. This distributed p-n junction approach to organic photovoltaic device engineering has 
been called the bulk heterojunction approach6. Blends of different polymers are processed a particular solvent which are 
then combined and spin cast onto a substrate to create an interpenetrating polymer network. By arresting phase phase-
separation at an early stage such all-polymer composite OPVs form a bicontinuous network (at the nanoscale) throughout 
which exciton generation and charge separation can occur. High EQE OPVs can be constructed from these materials 
provided both components are percolated, meaning that there is a conductive path between the metal terminals that 
photogenerated electron and hole charge carriers can traverse10.  
 
Another approach to creating a heterojunction OPV is to cast a semiconducting polymer layer containing an inorganic 
material. A number of different polymer/inorganic material combinations have been investigated as heterojunction 
OPVs4. Derivatives of polyaniline, polyphenylene vinylene and polythiophene which have been doped with small 
amounts of inorganic materials such as CdSe or fullerene are three well known examples which have been explored in 
this context11,5. To date the most efficient such bulk heterojunction OPVs have been formed from poly((2-methoxy-5-(2'-
ethylhexoxy)-p-phenylene) vinylene) (MEH-PPV) and soluble fullerene derivatives10. Optimum performance in these 
devices occurs at high fullerene loads (80%), which indicates that percolation is easier to achieve in the polymeric 
component than the non-polymeric component. Quantum efficiencies approaching 3% have been reported9. 
 
1.2 Factors affecting external quantum efficiency in bulk heterojunction OPVs 
 
Organic conjugated polymers are not completely crystalline, spin cast films contain both crystalline and amorphous 
regions. This can clearly be observed using x-ray diffraction, where the spectrum of these partially crystalline polymers 
display sharp peaks due to crystalline scattering superimposed over a broad background assigned to amorphous 
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scattering12. Since defect-free, crystalline conjugated polymers have the higher charge transport mobility, maximizing 
effective polymer crystallinity is of paramount importance in OPV device applications. Film morphology and the ratio of 
crystalline to amorphous polymer strongly depend on spin casting conditions (eg. speed, temperature) and the choice of 
solvent used to cast films. Annealing of films just below the glass transition temperature of the polymer can “iron-out” 
defects in individual polymer chains which has a beneficial effect when trying to increase polymer crystallinity13. In the 
case of organic conjugated polymer composites, there is a second effect which can influence polymer crystal structure 
and that is the interactions between the dopant and polymer. If there is large mismatch between the polymer’s preferred 
crystal lattice structure and the crystal structure of the dopant material, the second phase can be a source of defects in 
polymer nanostructure. Where this occurs, high loadings of the non-polymeric component within the composite may 
reduce the conjugated polymer’s overall crystallinity and thereby decrease charge carrier mobility within the composite 
material. A high weight percent of the non-polymeric component within the composite can also affect charge carrier 
mobility in other ways. Aggregation of the second phase can occur at high dopant concentrations when spin cast from 
solution13. It is thus quickly apparent that competing factors must be considered when designing organic semiconductor 
composites for use in bulk heterojunction OPVs. High loadings of the non-polymer component are needed to assure 
percolation of charge through the bicontinuous network, however the loadings must be low enough such that neither 
isolated aggregates of one component form, nor breakdown in polymer crystalline order occurs either. 
 
Third, in order to obtain good EQE from a bulk heterojunction OPV, good overlap between the absorption spectrum of 
the conjugated polymer and the solar spectrum is desirable. The optical bandgap of a typical organic semiconducting 
polymer such as poly(phenylenevinylene or poly(3-hexylthiophene) occurs in the range 600 to 300 nm, where the 
electronic excitation is often coupled to a vibrational mode in the polymer14. The wavelength range over which light 
absorption by conjugated polymers occurs depends on the amount of conformational disorder of individual polymer 
chains within the cast films. A conjugated polymer can be considered to consist of a string of effectively conjugated 
segments (ECS) over which the polymer’s π-electron cloud maintains coherence. At the end of each effectively 
conjugated segment, one photophysical unit ends and another begins. The length of effective conjugated segments in a 
conjugated polymer can often be limited by conformational disorder, although this not the only limiting factor. Entropy 
considerations mean that for large molecular weight polymers no individual polymer main-chain can have a perfectly 
ordered backbone, there will be some degree of conformational disorder (eg. chain-twists or polymer chain hairpin 
folds). Consequently, absorption spectra are a superposition of the spectra of ECSs of slightly different lengths. This 
causes inhomogeneous broadening of vibronic bands, increasing overlap with the solar spectrum6. 
 
1.3 Poly(3-hexylthiophene)/single walled carbon nanotube composites for bulk heterojunction diodes 
 
The electrical and optical properties of composites formed between carbon nanotubes and poly-(alkylthiophenes) makes 
them very promising candidates for use in organic photovoltaic devices15. Both materials can be readily dispersed in 
common organic solvents suitable for spin casting the composite films7. Most conjugated polymers are very insoluble in 
common solvents. This is because a rigid polymer backbone is often the requirement to maintain significant π-electron 
delocalization along the chain. However an insoluble conjugated polymer such as polythiophene can be granted 
solubility by grafting flexible side chains to the main polymer backbone. This increases the entropy of solution and 
entropy of melting of the material making it soluble and tractable but without losing main-chain conjugation. The 
solubility requirement for side-chain decoration on the polymer can have a profound effect on polymer crystalline 
structure, optical and electrical properties, depending on the nature of the side-chain and its position of attachment. This 
is clearly demonstrated in the case of poly(3-hexylthiophene) by comparing the charge transport mobility of the 
regioregular form of P3HT (rrP3HT mobility = 0.1 cm2/Vs) with regiorandom P3HT of the same average molecular 
weight (rraP3HT mobility = 10-7 – 10-4 cm2/Vs cm2/Vs)16. The only difference between these two forms of the same 
material is that the former possesses a hexyl side-chain attachment on the 3-position of the thiophene ring while the latter 
contains hexyl side chains randomly attached at either the 3 or 5 position of the thiophene units of the polymer. When 
cast into a film, the regioregular P3HT is more likely to form an ordered, head-to-tail coupled solid, with fewer 
amorphous regions compared to the regiorandom form16. P3HT is a semi-crystalline polymer and in the crystalline 
region is believed to conduct current through both inter and intra-chain transport, whereas in the amorphous region, 
transport is through hopping or tunneling processes only13. The significant influence of non-covalent, intermolecular 
interactions within the polymer upon electrical charge transport is clearly demonstrated by this comparison. 
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If changes in molecular order strongly affect P3HT film conductivity, rrP3HT structures formed at P3HT/SWNT 
interfaces throughout the composite are likely to be important in determining the overall efficiency of heterojunction 
OPVs made from this material. In a comparable composite system Blau and co-workers have studied the wrapping of 
carbon nanotubes (CNTs) with a variety of conjugated polymers including poly(m-phenylenevinylene-co-2,5-dioctyloxy-
p-phenylene vinylene) (PmPV) and have demonstrated that inclusion of nanotubes in PmPV forms composite materials 
with enhanced electrical conductivity and mechanical strength17, 18. Importantly, they also recently demonstrated that 
nanotubes nucleate polymer crystallinity17. Recently, Bai and coworkers imaged the ordering and molecular folding of 
PmPV absorbed onto HOPG and suggested that the observed molecular ordering and folding relates directly to the 
wrapping of PmPV on CNTs in PmPV/CNT composite materials19. They proposed that a planar conformation favoured 
strong overlap between the π-orbitals of the graphite and π-electrons of the conjugated polymer which also is expected to 
be adopted during the wrapping of PmPV on CNTs in PmPV/CNT composite materials. The main purpose of this work 
was to study the wrapping of the highly conductive and crystalline conjugated polymer poly(3-hexylthiophene) in its 
regioregular form on single-walled carbon nanotubes to clarify the polymer organization and aggregation of polymer at 
SWNT interfaces and in the bulk of the composite. A likely requirement for efficient electron-injection from rrP3HT to 
carbon nanotubes in an OPV constructed from this composite material is close physical contact of the P3HT, preferably 
in some crystalline or ordered monolayer form at the SWNT interfaces throughout composite film. A further motivation 
for this investigation relates to an ultimate use for rrP3HT-wrapped SWNTs in future nanotechnology applications. We 
note that carbon nanotubes are formed from the same material as graphite (ie. SWNTs can be considered as a seamless 
rolled-up sheet of graphene)20, information on polymer structures that form at the carbon nanotube interfaces can thus be 
directly compared to structures formed from rrP3HT films drop cast onto highly ordered pyrolytic graphite to determine 
the importance of substrate curvature on polymer wrapping. 
 
2. EXPERIMENT 
 
AP (as-prepared) grade SWNT with a quoted purity of around 70% obtained from Carbolex Inc. was purified using a 
modification of the method of Smalley and co-workers21. Briefly, the nanotubes were refluxed for 40 hours in 2.6M 
HNO3 and filtered through 75nm pore size Anodisc membranes. Cutting was performed by sonicating the purified tubes 
in a 2:1 HNO3/H2SO4 mixture for 2 hours and subsequently polished by stirring in 4:1 H2O2/ H2SO4 at 70oC. The tubes 
were washed with copious amounts of de-ionized water (18.2MΩ) and characterized using SEM and Raman 
spectroscopy to confirm efficacy of treatment procedure. Fourier Transform Raman spectra were collected on a Perkin-
Elmer System 2000 FT-Raman operating at 1064 nm with 4 cm-1 resolution22. 
 
Regioregular P3HT (98% head-to-tail coupling) was obtained from Sigma-Aldrich company and used without further 
purification. rrP3HT solutions (4mg/ml) consisting of 5% by weight of purified-SWNTs were prepared by mixing in 
chloroform in an ultrasonic bath for at least 1 hour following the procedure of McCarthy et al. to promote 
polymer/nanotube interaction23. For STM experiments, films were prepared by casting a drop of the supernatant solution 
onto surface of freshly peeled HOPG (highly oriented pyrolytic graphite – ZYA grade, obtained from NT-MDT). The 
drop was observed to dry within seconds. STM measurements were conducted on an NT-MDT Solver SPM apparatus. 
Tunnelling conditions, optimized for individual drop-cast samples and over time, are reported in captions accompanying 
the images. Tip quality was checked by obtaining atomic resolution of the graphite substrate before every film 
deposition. Images presented are unfiltered unless indicated otherwise. TEM imaging was performed in a Philips 200 
STEM. To prepare samples for TEM imaging a dilute solution of the SWNT/rrP3HT composite in chloroform was drop-
cast onto holey carbon grids and allowed to dry in air. 
 
3. RESULTS 
 
3.1 Transmission Electron Microscopy of rrP3HT/SWNT Composites 
 
TEM images of individually-wrapped single-walled carbon nanotubes are presented in Figure 1. From inspection of 
Figure 1 it is clear that the SWNTs were coated with a thin (5 nm) layer of the polymer. In all images a central hollow 
core with width commensurate with the nanotube diameters as determined by Raman spectroscopy (~1.4nm) can be 
clearly observed. Analysis of several similar TEM images of rrP3HT-coated nanotubes (eg. Figure 1b) revealed that the 
polymer coated individual some SWNTs to a thickness of 20 nm in some cases. These TEM images indicate that the 
SWNT purification and dispersion technique employed leads to a composite formed from individually polymer-wrapped 
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SWNTs rather than P3HT-wrapped nanotube aggregates, or ropes. Spin-cast films of these composites are therefore also 
likely to consist of individually rrP3HT-wrapped SWNTs. This being the case, fibers imaged in STM were expected to 
be coated to a minimum thickness of between 1-3 polymer layers. 
 
In studies of a similar composite 
system, TEM investigations of polymer 
coating thickness in the case of PmPV 
composites with SWNTs revealed that 
coated SWNTs formed intertwined 
ropes with fiber diameters in the range 
70-120 nm each containing of 20-80 
SWNTs18. This could explain 
differences in STM measurements 
observed here for rrP3HT/SWNT 
composite system and PmPV/SWNT 
composites where only thickly-coated 
SWNTs could be identified and without 
molecular resolution. A large number of 
polymer dendrimer growths were 
observed by these authors, particularly 
near the tips of polymer-coated carbon 
nanotubes. Since carbon nanotubes 
contain more defects at their tips, it was 
concluded that the dendritic polymer 
growths were nucleated at these 
defects18. No such polymer growths 
were observed here in the case of TEM 
images of rrP3HT-wrapped SWNTs 
which may indicate the SWNTs used 
possessed fewer defects, although differences arising due to the solvent system employed and the different polymer 
molecular structure cannot be ruled out. 
 
3.2 Scanning Tunneling Microscopy of rrP3HT films on HOPG 
 
Since a SWNT can be considered as a seamless rolled-up sheet of graphene, a comparison between STM measurements 
of P3HT/SWNT composites and P3HT-coatings on HOPG might be used to determine the importance of simple 
geometric factors such as the graphene surface curvature in P3HT ordering at sp2-bonded carbon interfaces in 
composites. Hence, we firstly performed STM investigations of rrP3HT films cast from chloroform solutions onto 
HOPG. We investigated drop-cast films of rrP3HT solutions with low (~1µg/ml) and high (~4mg/ml) polymer 
concentration, the latter being a concentration equivalent to those used for the rrP3HT/SWNT composites. The large 
electron density of the conjugated backbone of rrP3HT was expected to appear as bright features in STM images as the 
only component of the conjugated polymer imaged based on previous studies19. Figure 2a shows a rrP3HT monolayer 
film cast from a diluted solution of chloroform where the bright domains attributed to the conjugated backbone of 
polymer chains are clearly aligned in rows on the HOPG surface. Based on the approximate 0.2 nm height and 1.2 nm 
width of the bright domains measured in the linescan of Figure 2a, our hypothesis as to the origin of the bright domains 
was confirmed. The measured height and width is consistent with planar adsorption of the conjugated backbone of 
rrP3HT onto HOPG, an orientation which is expected maximize the overlap of the π-electron system of rrP3HT with the 
highly delocalized electron system of graphite. Additionally, the measured chain to chain distance is 1.45 nm, this is 
within the range measured for this system by Mena-Osteritz et al24. The presence of 60º and 120º folds is evidenced by 
the dark blue lines overlaid on the image. 
 
Figure 1. (a) TEM image of two rrP3HT-wrapped SWNTs drop-cast from 
chloroform solution. The polymer coating is approximately 5 nm thick. From 
analysis of Raman spectrum the diameters of nanotubes are approximately 1.4 nm. 
(b) TEM image of several SWNTs coated with polymer layers of thickness between 
the range of 5-10 nm. 
50 nm
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The STM images of P3HT thick coating (Figures 
2b-2c) on graphite appear as a fairly uniform film 
at the microscale. Most of the surface is covered by 
a thick layer, but in some areas we were able to 
resolve the underlying flat-lying surface polymer 
layer. Linear strands and folded chains could 
clearly be observed (boxed region of Figure 2b) in 
these areas, suggesting 2D ordered assembly in the 
adlayer just below the thick P3HT aggregates. 
 
However because of the thick coating, most of the 
surface is covered by bright islands approximately 
2nm higher than the folded chains (Figure 2b) 
which is also visible in our images. This could 
correspond to approximately one lamellar layer 
sitting on top of the background layer with π-
stacking normal to the substrate ,as found when the 
polymer is deposited by repetitive dip-coating via 
Langumuir Blodgett technique25, 26. The total layer 
thickness is about 4 nm as apparent from Fig 1c. 
The STM results displayed in Figure 1 are thus a 
confirmation of the Stranski-Krastanov type of 
mechanism that previously been proposed for the 
formation of these films. That is; a well ordered 
primary layer deposits at the HOPG surface, 
followed by subsequent formation of 3-
dimensional islands of P3HT.  
 
3.2 Scanning Tunneling Microscopy of 
rrP3HT/SWNT Composites 
 
Figure 3 shows P3HT/SWNT composites imaged 
at various length-scales using STM. The high 
aspect ratio of the SWNTs allowed them to be 
easily located, even when covered with rrP3HT polymer. It is immediately apparent from Figure 3a that there was an 
abundance of rod-shaped features throughout the composite which we interpret as being SWNTs are obscured by thick 
polymer coatings. In Figure 3b a SWNT with ends pinned by polymer islands is visible, along with a short tube of about 
30nm lying adjacent to it. A magnified view of the shorter tube is shown in Figure 3c, where it can be seen that the 
polymer coats the tube evenly over its length. The diameters of the carbon nanotubes used in this study was ~1.4nm as 
determined from Raman spectroscopy27. With the π-π stacking distance of polymer being estimated to be 0.38nm, and 
taking into consideration the van der Waals radius, a monolayer-wrapped tube should be 2.16 nm thick28. Measured tube 
heights vary between 2.1 and 2.5 nm, matching the expected value for the diameter if we include the nanotube-substrate 
distance of 0.25 nm; hence we believe these objects to be individual single-walled carbon nanotubes coated with one 
layer of polymer. The rod-shaped features are thus likely to be rrP3HT-coated SWNTs with lengths ranging from tens of 
nanometers to about 200 nanometers. 
Figure 2. Right: series of STM images of drop cast P3HT film on 
HOPG. Left: line profile to show the film surface structure. 
a) Monolayer P3HT film showing the interdigitated P3HT structure. 1 
and 2 are 60° and 120° folding chains respectively. Inset: drawing of the 
interdigitated structure showing a, the chain-chain distance. From the 
line profile (left) a=1.45 nm. 
b) Thick polymer layer showing chains and fold of polymer chains 
appearing on the left of a thick island. Vbias =0.103V; I= 0.098nA. Line 
profile of the transition shows that the island sits approximately 2nm 
above the bottom layer. 
c) Thick P3HT coating showing a bare surface region. Vbias =0.58V; I= 
0.07nA. The measured thickness of the coating from line profile is about 
4 nm. 
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A high a degree of rrP3HT polymer chain organization, i.e. 
polymer wrapping, can be seen along the entire tube axis. 
This confirms the view that when ultrasonically-dispersed in 
a polymer solution, the carbon nanotubes absorb as many 
strands of polymer as possible to reduce interactions with 
adjacent tubes28. The cross section measurement along the 
axis reveals a periodicity of approximately 1.66 nm. 
Measurements of several tubes yielded an average chain-to-
chain distance of 1.68 ± 0.02 nm. This is significantly larger 
than rrP3HT monolayer polymer chain-to-chain distances 
(dcc) measured on HOPG by both Grevin et al and Mena-
Osteritz et al24, 29. These studies yielded values of dcc ≈ 1.4 
nm and dcc ≈ 1.33 nm respectively for this system. In the case 
of rrP3HT adsorbed onto HOPG (Figure 2a) we measured dcc 
≈ 1.45 nm, in accordance with earlier studies24, 29 and may 
therefore be confident that the larger dcc for rrP3HT 
monolayers on SWNTs is a true value and not some 
instrumental artifact. 
 
In addition to an average measurement of dcc = 1.68 ± 0.02 
nm, we were also able to extract the chiral angle of polymer 
wrapping measured with respect to the nanotube long-axis 
from the STM scans (Figure 4) where individual rrP3HT 
thiophene chains are resolved. The value measured here is 
48º(±4º), while in Figure 3 we measured a wrapping chiral 
angle of 41º(±4º). Polymers have usually been observed to 
wrap the tubes with a chiral angle with respect to the tube 
axis, suggesting a connection between the macromolecular 
coiling process to the underlying chirality of the tube30. The 
different measured interchain distances and chiral angles 
observed for individual rrP3HT-coated nanotubes suggest 
that at least for the case of rrP3HT composites, carbon 
nanotube chirality could significantly influence the polymer 
structures depositing at the surface. This does not however 
rule out other possible macromolecule alignments and 
arrangements (such as lengthways) along the carbon 
nanotubes. Electronic effects may very well be predominant 
in the interactions of polymers with the small diameter 
single-wall carbon nanotubes. 
 
4. DISCUSSION 
 
To date, STM studies of conducting polymers which have revealed details of polymer-monolayer chain folding and self 
assembly have been performed by drop-casting films from dilute solutions onto HOPG19, 24, 29. However, polymer 
composite films used in organic electronic devices are typically cast from more concentrated solutions (on the order of 1 
mg/ml or greater) where bulk effects are likely to be affecting their organization and assembly25. From analysis of STM 
results in Figure 2, we have seen evidence for the Stranski-Krastanov type of film growth that occurs when films of 
rrP3HT are drop-cast from concentrated P3HT solutions onto HOPG. The films produced from concentrated P3HT 
solutions appear to possess regions where deposition is thicker than the average thickness of the film as measured by 
STM. These regions are readily observed in Figure 2c and are typically 10-20 nm in width, while STM cannot provide 
information on crystallinity (STM provides only electronic and topographical information), it is possible that these 
domains in the film correspond to crystalline grains of polymer which have accumulated at the surface of the initial 
P3HT monolayer during the drop-casting process. This value for a typical rrP3HT aggregation differs significantly from 
Figure 3. (a) STM image of cast film shows an abundance of 
nanotubes dispersed throughout the polymer matrix; Vbias = 
0.512V; I = 0.053nA. (b) A zoom of this nanotube reveals an 
ordered pattern on the tube body, a short tube of about 30nm 
is also revealed at this high resolution zoom; Vbias = 0.661V; 
I= 0.093nA . (c) Zoom of the short nanotube in (b) with cross 
sections:  the repeat distance along the SWNT long-axis is 
1.66 nm; the measured height is 2.5 nm, corresponding to the 
tube diameter plus the polymer thickness. 
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the size obtained by Sandberg et al using atomic force microscopy measurements on thin rrP3HT films which gave 
aggregate sizes of between 50-100 nm25. This difference indicates just how sensitive film formation is to casting 
conditions. While our films were cast in one step from a concentrated solution of P3HT in chloroform, Sandberg et al 
built-up their films by repetitive dip-coating from a dilute solution of P3HT in xylene. The degree of polymer 
aggregation in solution is a strong function of polymer concentration, polymer solubility and solution temperature. These 
aggregated states become “frozen-out” or are maintained when spin-cast films are deposited from these solutions31. 
Based on a comparison of these results, it is likely that solutions cast from xylene will produce larger rrP3HT aggregates 
and therefore possibly larger crystalline domains possessing high charge mobility. 
 
A comparison of the rrP3HT structures formed at a flat 
HOPG interface compared to a curved SWNT interface is 
instructive. Our measurements of rrP3HT monodomains on 
HOPG yielded an average polycrystalline area of ≈ 40 nm (⊥ 
to P3HT π-conjugated backone) x 20 nm (// to P3HT π-
conjugated backone). This size is approximately the same 
order as the typical coherence lengths reported from XRD 
measurements29.On a more local scale, analysis of STM 
images showed that adsorbed polymer chain-to-chain 
distances correspond to a densely packed 2D-monolayer 
where interaction with the HOPG surface promotes full 
interdigitation of the P3HT side-chains (dcc = 1.45 nm). This 
chain-to-chain distance is smaller than the equilibrium value 
obtained in thin films studied by XRD (dcc = 1.6 nm)25. It 
appears that the XRD result for bulk rrP3HT films yields an 
inter-lamellar spacing similar to the inter-chain distance 
measured for rrP3HT monolayers on SWNTs. One factor that 
may lead to this increase in dcc of rrP3HT monolayers on a 
curved surface is the differences in the size of the underlying hexagonal structure of HOPG compared to SWNT. While 
both forms of carbon consist of the same material, the curvature of the graphene surface to form a typical single-walled 
carbon nanotube leads to a largercarbon-carbon bond distance, ac-c = 1.44 Å compared to ac-c = 1.42 Å for HOPG20. In 
STM studies of straight-chain alkane hydrocarbons adsorption onto HOPG it has been noted that good lattice match 
between the hydrocarbon backbone and the graphite lattice favours commensurate packing of the hydrocarbon film with 
the underlying substrate32. The hexyl side chains (and the polythiophene polymer backbone) of the adsorbed rrP3HT is 
thus likely to experience a different interaction with the HOPG surface compared to a SWNT surface which could lead to 
the differences in packing observed. At the local scale epitaxial effects are believed to promote the full interdigitation of 
P3HT hexyl side-chains to give the energetically most stable state on HOPG, this results in a dense packing of 
macromolecules. The disparity between rrP3HT adsorbed onto HOPG and onto SWNTs may thus indicate that the 
substrate curvature plays a fundamental role in assembly of ordered domains. The importance of the role of substrate 
curvature was recently demonstrated in dramatic STM images of monolayer protected nanoparticle surfaces, this 
underlies the importance that factors such as geometrical constraints and surface stress anisotropy may have upon 
monolayer deposition33. 
 
The way in which polymers adsorb onto carbon nanotubes has been investigated by various authors, leading to two 
contradictory conclusions: based on their STM measurements of PmPV monolayers on HOPG, Lei et al19 suggested that 
the conjugated polymer’s self-assembly and arrangement is dominated by the matching of the graphene structure with 
the detailed structure of the conjugated polymer, and that the same intermolecular forces are likely to induce self-
assembly when PmPV is adsorbed onto carbon naotubes. However, Coleman et al 34 have pointed out that geometric 
factors and constraints imposed by a narrow crylindrical structure, like a SWNT on a conjugated polymer chain, may 
outweigh any lattice-resolved contributions (eg. carbon nanotube chirality) to polymer ordering. Specifically the elastic 
energy cost of bending the conjugated polymer backbone so as to maintain close contact between macromolecule and 
nanotube surface can energetically favour certain polymer coiling-angles. Differently sized carbon nanotubes will favour 
a different chirality of polymer coiling. In this model, the periodic potential of the hexagonal lattice35 is also expected to 
play an important role in the geometrical arrangement of P3HT on the nanotube surface .For the case of SWNT wrapping 
by PmPV, Coleman et al’s34 recently formulated model works well due to the fact that PmPV is a “stiffer” polymer 
 
Figure 4. a) STM image of a rrP3HT-coated SWNT. (b) 
Zoom-in of the boxed area. The chiral angle of the polymer 
wrapping with respect to the nanotube long-axis is 48º as 
indicated in (b).  STM settings: Vbias = 0.271V; I= 0.102nA. 
The direction of polymer wrapping is indicated in the 
schematic.
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compared to P3HT (10nm persistence length34 compared to 2.1nm for P3HT36). In fact by applying the same model to 
polyacetylene (1.3nm persistence length), the authors found no preferential coiling angle for the less stiff polymer; the 
periodic potential of the hexagonal lattice35 is thus expected to play an important role in the macromolecule’s coiling 
angle and geometrical arrangement in the case of templating of rrP3HT on SWNTs. 
 
5. CONCLUSIONS 
 
In summary, we have imaged by STM the arrangement of rrP3HT on HOPG and nanotubes. While 2D crystals are 
observed when rrP3HT is cast onto HOPG from dilute solution, we have found a thicker and more disordered film when 
cast from our concentrated solutions. The subsequent layers are more likely to align normal to underlying monolayer on 
HOPG37. rrP3HT monolayers have the tendency to wrap around SWNTs, where thiophene and hexyl moieties associate 
with the SWNT surface in identical manner to rrP3HT monolayer depositions on HOPG. We have performed 
measurements of the chain to chain distance, finding an average value on SWNTs (1.68 nm) 20% larger than on HOPG. 
It is likely that the measured differences of interchain-spacing of rrP3HT monolayers on SWNTs and on HOPG arise 
because of substrate curvature. 
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